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(54)Title: RAMAN AMPLIFIER, OPTICAL REPEATER, AND RAMAN AMPLIFICATION METHOD 




(57) Abstract 

A Raman amplifier comprises a pumping light producing means (1) for producing pumping lights. The pumping lights are 
multiplexed with a signal' light propagated through an optical fiber (2) so as to give the signal light a Raman gain. The means (1) is 
constituted of a semiconductor laser of Fabri-Perot, DFB, or DBR type and an MOPA (3). The center wavelengths of the pumping lights are 
different from each other, and the intervals between them are 6 nm to 35 nm. An optical repeater provided in an optical fiber transmission, 
line (8) compensates the loss caused by the optical fiber transmission line (8) and includes the Raman amplifier (9) used for the 
compensation. A Raman amplification method for Raman-amplifying a signal light by sending the signal light and pumping lights having 
mutually different center wavelengths through an optical fiber serving as a Raman-amplification medium, in which the power of the 
pumping light having a shorter wavelength is higher. 
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DESCRIPTION 

RAMAN AMPLIFIER, OPTICAL REPEATER USING THE SAME, AND RAMAN 
AMPLIFICATION METHOD 



5 Technical Field 

The present invention relates to a Raman amplifier that can 
be used to amplify signal lights of light in various light 
communications systems, an optical repeater using the Raman 
amplifier, and a Raman amplification method. The present 
10 invention is suitable especially for the amplif ication of 
wavelength division multiplex light. 

Background Art 

Most optical amplifiers used in the present optical fiber 

15 communications system are rare -earth- doped fiber amplifiers. 
Especially, an Er-doped optical fiber amplifier (hereinafter 
referred to as EDFA) that uses a fiber doped with erbium is often 
used. However, the practical gain wavelength range of the EDFA 
is from about 1530 ran to 1610 run (reference document: Electron. 

20 Lett, Vol.33, No. 23, pp. 1967-1968) . Additionally, the gain of the 
EDFA depends on wavelengths, and, when the EDFA is used for 
wavelength division multiplex light, a difference arises in the 
gain depending on the wavelength of a signal light of light. Fig. 
23 shows an example of the wavelength dependence of an EDFA gain, 

25 in which variations in the gain are great especially in wavelengths 
of less than 1540 nm and more than 1560 nm. Therefore, a 
gain- flattening filter is used in order to obtain a constant gain 
(in most cases, within 1 dB in gain deviation) in the entire range 
that includes such wavelengths. 

30 The gain- flattening filter is a filter designed so that a 

loss becomes great in wavelengths where again is great, and a loss 
profile has almost the same shape as a gain profile. However, in 
the EDFA, the gain profile changes such as curves a, b, and c shown 
in Fig . 24 in accordance with a change in the magnitude of an average 

35 gain, and therefore an optimum loss profile of the gain- flattening 
filter also changes in this case. Therefore, if flattening has 
been realized by a gain- correcting filter in which a loss profile 
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is fixed, a flatness degree will deteriorate when the gain of the 
EDFA changes . 

On the other hand, optical amplifiers include one that is 
called a "Raman amplifier" that utilizes the Raman scattering of 
an optical fiber (reference document: Nonlinear Fiber Optics, 
Academic Press ) . The Raman amplifier has a gain peak in a frequency 
of about 13 THz lower than the frequency of a pumping light. In 
the following description, "about 13 THz lower frequency" will be 
expressed as "about 100 nm longer wavelength" on the assumption 
that a pumping light in the 1400 nm range is used. Fig. 25 shows 
the wavelength dependence of a gain when a pumping light whose 
center wavelength is 1450 nm is used. At this time, a gain peak 
is 1550 nm, and a bandwidth within gain deviation 1 dB is about 
20 nm. As long as a pumping light source can be prepared, the Raman 
amplifier can amplify an arbitrary wavelength, and therefore use 
in a wavelength range where amplification cannot be amplified by 
the EDFA has chiefly been examined. By contrast, the Raman 
amplifier is not used in the gain range of the EDFA. The reason 
is that the Raman amplifier needs very strong pumping light power 
in order to obtain a gain equal to that of the EDFA. In addition, 
if a pumping light, having great power is entered into the fiber 
in order to improve the gain, noise will increase because of the 
occurrence of induced Brillouin scattering caused by the pumping 
light, thus making use of the Raman amplifier difficult. Japanese 
Unexamined Patent Publication No . Hei-2-12986 discloses an example 
of a technique for controlling the induced Brillouin scattering 
in a Raman amplifier. 

The Raman amplifier also has polarization dependence in the 
gain, and exerts an amplification action only on a component 
coinciding with the polarization of a pumping light among 
polarization components included in a signal light. Therefore, 
a countermeasure is required to be taken for reducing the 
instability of the gain caused by the polarization dependence, and 
a possible solution thereto is either to use a fiber that preserves 
polarization planes as an amplifying fiber or to use a pumping light 
source having a random, polarization state. 

In addition to this, the Raman amplifier is required to 



enlarge a gain range, and a possible solution thereto is to use 
a plurality of pumping lights with different wavelengths (reference 
document : OFC98 , PD-6 ) . However , an approach has not yet been taken 
with the intention of reducing the gain deviation to less than 1 
5 dB. 

On the other hand, there is an optical repeater for 
simultaneously compensating a transmission loss and wavelength 
dispersion both of which arise in an optical fiber transmission 
line . This is constructed by combining an Er-doped fiber amplifier 

10 (EDFA) with a dispersion-compensating fiber (DCF) used to 
compensate wavelength dispersion. Fig. 46 shows this conventional 
example, in which a dispersion- compensating fiber "A" is disposed 
between two Er-doped fiber amplifiers "B" and "C" . A first Er-doped 
fiber amplifier "B" amplifies a signal light from a low level to 

15 a relatively high level, and is characterized by being superior 
in noise characteristics. A second Er-doped fiber amplifier "C" 
amplifies an optical signal that has been attenuated in the 
dispersion compensating fiber "A" so as to again reach a high level, 
and is characterized by having a high output level . 

20 Incidentally, the optical repeater must be appropriately set 

at a repeater input level, a repeater output level, and the amount 
of dispersion compensation (i.e., loss in the dispersion 
compensating fiber "A") when the optical repeater is designed, and 
there is a restrictive item in the fact that the input light level 

25 of the" dispersion compensating fiber "A" has an upper limit. The 
reason is that, if input power to the dispersion compensating fiber 
"A" is enhanced, the influence of a nonlinear effect in the 
dispersion-compensating fiber "A" becomes great, so that 
considerable deterioration occurs in a transmission waveform. The 

30 upper limit of the input power to the dispersion compensating fiber 
"A" depends entirely on a self phase modulation effect (SPM effect) 
when transmitted with one wave, and depends entirely on a cross 
phase modulation effect (XPM effect) when transmitted with WDM. 
Accordingly, in the optical repeater, in consideration of some 

35 variation factors, a repeater that is excellent in the gain flatness 
degree and in noise characteristics must be designed under these 
conditions . 
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Fig. 47 shows a diagram of a light level in the interior of 
the repeater. A gain Gl [dB] of the first Er-doped fiber amplifier 
"B" is set at a difference between a repeater input level Pin [dB] 
and an input upper limit Pd [dB] to the dispersion compensating 
5 fiber "A" . A gain G2 [dB] of the second Er-doped fiber amplifier 
"C" is set at Gr+Ld-Gl [dB] based on a loss Ld [dB] in the dispersion 
compensating fiber "A" , a repeater gain Gr [dB] , and a gain Gl [dB] 
of the first Er-doped fiber amplifier "B" . Since the design 
parameters are different in each system, Gl [dB] and G2 [dB] are 

10 different in each system, and therefore the Er-doped fiber 
amplifiers "B" and "C" must be re-designed in each system. Noise 
characteristics in these systems have a deep relationship with the 
loss Ld [dB] in the dispersion-compensating fiber "A", and it is 
known that the noise characteristics worsen as the loss becomes 

15 greater. Further, at present, unevenness in loss in a transmission 
line or in loss in the dispersion compensating fiber "A" is 
compensated by changing the gain of the Er-doped fiber amplifier 
"B" or "C" , or is adjusted by separately providing a variable 
attenuator or the like. However, the former worsens the gain 

20 flatness degree, and the latter worsens the noise characteristics, 
and therefore they have both merits and demerits . 

The Er-doped optical fiber amplifier also has some problems 
though it has widespread use in fiber optics communications. The 
Raman amplifier also has some problems. For example, the output 

25 of a general semiconductor laser is about 100 to about 200 mW, so 
that a gain to be obtained is relatively small; the gain is sensitive 
to the power of a pumping light or to variations in wavelengths, 
and, if a Fabry-Perot type semiconductor laser having relatively 
high output power is used, a noise resulting from gain variations 

30 caused by its mode hop will pronouncedly occur; and there is a need 
to change the driving current of a pumped laser when the magnitude 
of the gain is adjusted, and a variation in the center wavelength 
occurring when the driving current is changed is about 15 nm at 
its maximum, thus greatly changing the wavelength dependence of 

35 the gain. Further, disadvantageous ly, the shift of the center 
wavelength leads to variations in the coupling loss of a WDM coupler 
that multiplexes a pumping light. Further, disadvantageously, 
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also in the optical repeater, there is a need to re-design the 
Er-doped fiber amplifiers "B" and "C" in each system. Further, 
disadvantageous ly, a deterioration in noise characteristics 
caused by the insertion of the dispersion compensating fiber is 
5 an avoidable problem in the current methods being performed. 

In a Raman amplif ication method in which a signal light is 
amplified by use of an induced Raman scattering phenomenon, an 
optical fiber for communications is used as an optical fiber serving 
as an amplifying medium. In a distribution type amplification 

10 method, the wavelength of a pumping light and the wavelength of 
a signal light are arranged in the 1400 nm - 1600 ran range where 
the loss is low and the wavelength dependence is small in a loss 
characteristic in a wide-band of the transmission optical fiber. 
In this case, the wavelength dependence loss of the optical fiber 

15 serving as an amplifying medium is about 0.2 dB/km or less, which 
is expressed as a difference between maximum and minimum values, 
in the aforementioned range, even if consideration is given to the 
loss resulting from OH with a peak of 1380 nm. Further, in this 
case, the amplification strength of the signal light amplified by 

20 each pumping light is almost equal , and therefore no special problem 
occurs in communications, even if differences are not given to the 
strength of each pumping light by use of a wavelength multiplex 
excitation method. 

However, when the Raman amplification method is employed 

25 with an amplification unit like an EDFA (i.e., rare- earth-doped 
fiber amplifier) , a fiber length of about 10 km to several ten 
kilometers is needed to obtain a necessary gain, and a problem 
concerning the storage of the optical fiber arises . Therefore it 
is preferable to shorten it as much as possible. Although the fiber 

30 length can be shortened by using a nonlinear, large optical fiber, 
the nonlinear, large optical fiber has difficulty decreasing the 
transmission loss generally resulting from OH of the 1380 nm band, 
and the Rayleigh scattering coefficient thereof becomes much 
greater than that of the transmission fiber. As a result, the 

35 difference between maximum and minimum values of the fiber loss 
in the aforementioned wavelength range reaches 1.5-10 dB/km, which 
is a very large value. This means that a loss difference caused 
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by the wavelength of the pumping light is 4.5 to 30 dB when the 
optical fiber serving as an amplifying medium is used for 3 km, 
and therefore it is impossible to uniformly amplify wavelength 
multiplex signal lights by a pumping light having equal strength. 

Disclosure of Invention 

An object of the present invention is to provide a Raman 
amplification method that is capable of uniformly amplifying 
wavelength multiplex light and that is suitable for unitization. 
Another object of the present invention is to provide a Raman 
amplifier capable of obtaining a necessary gain, capable of 
reducing the wavelength dependence of a gain to such an extent that 
there is no need to use a gain- flattening filter, and usable even 
in the range of an EDFA. Still another object of the present 
invention is to apply the aforementioned Raman amplifier to an 
optical repeater made up of an Er-doped fiber amplifier (EDFA) and 
a dispersion compensating optical fiber (DCF) , and thereby provide 
an optical repeater capable of compensating the unevenness of a 
transmission line loss or a DCF loss without redesigning the EDFA 
in each system and without causing deterioration in the 
characteristics of the optical repeater. The Raman-amplification 
of the DCF shows that the deterioration of noise characteristics 
resulting from the DCF insertion, which has conventionally been 
unavoidable, can be reduced. 

Examples of the Raman amplifier structure of the preselnt 
invention are shown in Figs. 1, 2, and 3. A relatively high gain 
can be obtained by using a small- si zed Fabry- Perot type 
semiconductor laser 3 having relatively high output power as a 
pumping light producing means 1. Further, in the Fabry- Perot type 
semiconductor laser 3, the line width of an oscillation wavelength 
is wide, and therefore the induced Brillouin scattering caused by 
pumping lights can be almost completely prevented from occurring. 
If a DBF type or DBR type semiconductor laser or MOPA is used as 
the pumping light producing means 1, gain shape never changes 
according to driving conditions because the variation range of an 
oscillation wavelength is relatively small. Further, the 
occurrence of the induced Brillouin scattering can be controlled 



by applying modulation. 

Further, if the intervals of the center wavelengths of 
pumping lights are set to be 6 ran or more to 35 ran or less, the 
wavelength dependence of a gain can be reduced to such an extent 
5 as not to need a gain- flattening filter. The center wavelength 
Xc mentioned here is a value defined for one pumping light, and 
is. expressed by the following equation, where Xi is a wavelength 
of an i-th longitudinal mode (-th is a suffix used to form ordinal 
numbers) of laser oscillation, and Pi is optical power included 
10 in this mode. 



Pi 




X 1 • • • A i • ■ • A N 

The reason why the center wavelength interval of a pumping 
light is set at 6 nm or more is that the oscillation bandwidth of 
the Fabry- Perot type semiconductor laser 3 , to which an external 

15 resonator 5 whose reflection bandwidth is narrow is connected, is 
about 3 nm as shown in Fig. 12, and because some margins can be 
given to wavelength intervals between pumping lights so that a WDM 
coupler 11 (Figs. 1, 2, and 3) used to couple the pumping lights 
together can improve its coupling efficiency. In the WDM coupler 

2 0 11 that has been designed so that lights whose wavelengths are 
different from each other can be received through each individual 
port, incident lights can be coupled together at one output port 
almost without allowing the incident lights to incur a loss, and 
the loss will become great with respect to a light with an 

2 5 intermediate wavelength of design wavelengths even if any one of 

the input ports is used. For example, a wavelength bandwidth where 
this loss becomes great was 3 nm in one WDM coupler 11 . Therefore, 
in order to prevent the range of the semiconductor laser 3 from 
being included in this range, 6 nm resulting from addition of 3 

3 0 nm to the bandwidth of the semiconductor laser 3 is suitable as 
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the lower limit of the center wavelength interval of the pumping 
light as shown in Fig. 12. On the other hand, if the center 
wavelength interval of the semiconductor laser 3 is set at 35 nm 
or more as shown Fig. 13A, a gain valley will appear in the middle 
5 of a Raman gain range obtained by pumping lights whose wavelengths 
adjoin as shown in Fig. 13B, and, as a result, the gain flatness 
degree will worsen. This results from the fact that the gain is 
halved when separated from a gain peak wavelength by 15 nm to 20 
nm, concerning the Raman gain obtained by one pumping light. 

10 Therefore, the wavelength dependence of the gain can be reduced 
to such an extent as not to need a gain-flattening filter by setting 
the center wavelength interval of the pumping light at 6 nm or more 
to 35 nm or less. 

In a Raman amplifier as recited in Claim 2 of the present 

15 invention, a control means 4 is provided for monitoring input light 
or output light to the Raman amplifier, thereafter controlling each 
pumping light power of a pumping light producing means 1 on the 
basis of the result, and maintaining the output optical power of 
the Raman amplifier at a predetermined value, and therefore 

20 constant output can be obtained independently of the variation of 
input signal power to the Raman amplifier or independently of the 
unevenness in the loss of a Raman amplifying fiber. 

In a Raman amplifier as recited in Claim 3 of the present 
invention, an output light power control means 4 is provided for 

25 flattening a Raman gain, and therefore a gain can be flattened. 
Especially, if wavelength light of a wavelength resulting from 
addition of about 100 nm to the wavelength of each pumping light 
as shown in Fig. 16 is monitored, and if the power of each pumping 
light is controlled to arrange the power of the wavelength lights, 

30 a gain can be flattened. For a means to which a fiber grating 
(external resonator 5) for stabilizing wavelengths described later 
is connected, variation in the center wavelength caused by a change 
in a driving current is suppressed, and therefore it can also act 
as a means capable of controlling the gain. 

3 5 In a Raman amplifier as recited in Claim 4 of the present 

invention, a control means 4 is provided for monitoring input signal 
power and output signal power, thereafter controlling pumping light 
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power so that the ratio between them becomes constant, and 
maintaining the gain of the Raman amplifier at a predetermined value , 
and therefore a constant gain can be obtained independently of the 
variation of input signal power to the Raman amplifier or 
5 independently of the unevenness in the loss of a Raman amplifying 
fiber. 

In a Raman amplifier as recited in Claim 5 of the present 
invention, an optical fiber 2 whose nonlinear refractive index n2 
is 3 . 5E-20 [m2/W] or more is used, and therefore a sufficient 

10 amplification effect can be obtained though it is a result of 
previous studies. 

In a Raman amplifier as recited in Claim 6 of the present 
invention, the optical fiber 2 serves as a part of a transmission 
fiber for propagating a signal light, and therefore the amplifier 

15 can be constructed as a transmission optical fiber without any 
modifications . 

In a Raman amplifier as recited in Claim 7 of the present 
invention, a part of dispersion managed transmission lines is used, 
and the amplifier can be constructed as an amplifying medium without 

20 any modifications. 

In a Raman amplifier as recited in Claim 8 of the present 
invention, the optical fiber 2 serves as a Raman amplifying fiber 
that is independent of a transmission fiber for propagating signal 
lights and that is inserted into this transmission fiber, and 

25 therefore it is easy to use an optical fiber suitable for Raman 
amplif ication as the optical fiber 2 or use a wavelength dispersion 
compensating fiber, and it is possible to construct a centralized 
amplifier. 

Since the optical repeater of the present invention 
30 compensates the loss of the optical fiber transmission line 8 by 
using the Raman amplifier, an optical repeater provided with the 
operation of the aforementioned Raman amplifier can be obtained. 

Among the optical repeaters of the present invention, the 
one provided with a rare- earth-doped fiber amplifier 9 at a stage 
35 ahead of the Raman amplifier, or at a stage behind it, or at both 
stages compensates the loss of the optical fiber transmission line 
8 by the Raman amplifier 9 and the rare-earth-doped fiber amplifier 
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10, and therefore desired amplification characteristics suitable 
for various transmission systems can be obtained. 

In the optical repeaters of the present invention, one 
adaptive to various systems can be obtained according to the 
5 structure in which the Raman amplifier 9 and the rare-earth-doped 
fiber amplifier 10 are incorporated. This will be hereinafter 
described, taking an example in which a DCF is used as the amplifying 
fiber of the Raman amplifier 9 . Fig. 17 shows an example of design 
parameters of a conventional optical repeater, in which Gl and G2 

10 are different in each system. The repeater input and the DCF loss 
are inevitably varied because of the unevenness in intervals of 
the repeaters or because of the differences of the DCFs . This 
variation leads directly to the gain variation of the EDFA, and 
the gain variation leads to deterioration in the flatness degree . 

15 Fig. 18 typically shows the relationship between an EDFA gain and 
a flatness degree. The flatness degree is optimized by limiting 
a use range and an average gain, and therefore, when the average 
gain deviates from an optimized point, the wavelength dependence 
of the gain varies, and the flatness degree deteriorates . In order 

20 to avoid deterioration in the flatness degree, the EDFA gain must 
be maintained constant . Conventionally, a variable attenuator has 
been used as a means for compensating variations in the input level 
or in the DCF loss. Fig. 19A shows an example in which an 
attenuation of the variable attenuator is adjusted in accordance 

25 with a variation in the input level so as to maintain the input 
level to the DCF constant, and Fig. 19B shows an example in which 
an attenuation is adjusted in accordance with a variation in the 
DCF loss so as to control an intermediate loss to become constant . 
In both examples, the two EDFAs are constant in the gain. However, 

30 since a useless loss is added by the use of the variable attenuator 
under this method, a disadvantage arises in noise characteristics . 
According to the present invention, the EDFA gain is maintained 
constant by compensating a change in the design parameters of the 
repeater by the Raman amplification effect of the DCF so as to remove 

35 the necessity to design the EDFA in each system, and the unevenness 
in the repeater interval or the differences in the DCFs can be 
compensated without sacrificing both the flatness degree and the 
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noise characteristics . Unlike the repeater specifications of Fig. 
17, Fig. 20 shows design values of the EDFA when the Raman 
amplif ication effect of the DCF is applied. EDFA characteristics 
required for three specifications can be made common by 
5 appropriately selecting a Raman gain of the DCF. As shown in Figs . 
21A and 2 IB, the variation in the input level or in the DCF loss 
can be compensated by varying the Raman gain without varying the 
EDFA gain. In any case, the Raman amplif ication gain is adjusted 
so that the output level of the DCF becomes constant, while 

10 maintaining the EDFA gain constant. Further, compensation for the 
loss of the DCF itself by the Raman amplification makes it possible 
to reduce deterioration in noise characteristics resulting from 
the DCF insertion, which has been conventionally unavoidable . Fig . 
37 shows measurement values of the amount of deterioration in noise 

15 factors when use is made of a Raman amplifier that uses the same 
DCF as the amount of deterioration in noise factors when the DCF 
is inserted. 

In the optical repeaters of the present invention, one that 
is provided with a Raman amplifier using a pumping light source 

2 0 that does not perform wavelength coupling is narrow in working area , 
but is simple in structure, and can obtain characteristics equal 
to those of the aforementioned optical repeaters except for the 
bandwidth, in comparison with an optical repeater provided with 
a Raman amplifier that has been pumped by a plurality of wavelengths . 

25 Fig . 3 8 and Fig . 3 9 show a measurement example of an optical repeater 
that uses a Raman amplif ier pumped by a pumping light source that 
does not perform wavelength coupling, and a measurement example 
of an optical repeater that uses a Raman amplifier pumped by a 
plurality of wavelengths, respectively. 

30 In the Raman amplifier of the present invention, if the 

difference between maximum and minimum values of the center 
wavelength of a pumping light is within 100 ran, the wavelength of 
the pumping light and that of a signal light are prevented from 
being overlapped, and the waveform deterioration in the signal 

35 light can be prevented. If the wavelength of the pumping light 
is close to that of the signal light, waveform deterioration in 
the signal light occurs, and therefore the wavelength of the pumping 
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light and that of the signal light must be selected so as not to 
overlap each other. If the pumping light is in the 1.4 Jim range, 
and if the difference between maximum and minimum values of the 
center wavelength of the pumping light is less than 100 ran, the 
5 overlapping of the wavelength of the pumping light with that of 
the signal light can be prevented, because the difference between 
the center wavelength of a gain resulting from one pumping light 
and the wavelength of the pumping light is about 100 nm as shown 
in Fig. 14. 

10 In the Raman amplifier of the present invention, if pumping 

lights with adjoining wavelengths are propagated in two mutually 
different directions through the optical fiber 2 so as to pump a 
signal light bidirectionally, wavelength characteristics required 
of the WDM coupler 11 shown in Fig. 1, Fig. 2, and Fig. 3 can be 

15 relaxed. As shown in Fig. 15, in all pumping lights including 
bidirectional ones, the center wavelength is specified as X lf X 2 , 
A, 3 , and \, in which the interval is 6 nm or more to 35 nm or less. 
Concerning the mono-directional pumping light alone, the center 
wavelength is specified as X x and X 2 , or X 2 and X 4 , in which the 

2 0 wavelength interval is doubled. Therefore, margins cannot be 
given to the required characteristics of the WDM coupler 11. 

In the Raman amplifier of the present invention, if the 
external resonator 5, such as a fiber grating, for stabilizing 
wavelengths is provided at the output side of the Fabry-Perot type 

25 semiconductor laser 3, it is possible to prevent noise caused by 
gain variations resulting from the mode hop of the Fabry-Perot type 
semiconductor laser 3. Further, if the external resonator 5 for 
stabilizing wavelengths is connected to the semiconductor laser 
3, a bandwidth will be narrowed in the case of one pumping light 

30 source. However, since the wavelength interval can be narrowed 
when wavelength coupling is performed by the WDM coupler 11 (Figs. 
1,2, and 3 ) , a more powerful , wideband pumping light can be finally 
obtained . 

In the amplifier of the present invention, if the pumping 
35 light of the semiconductor laser 3 is used while performing 
polarization synthesis for each wavelength, the polarization 
dependence of a gain is removed, and, at the same time, the pumping 
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light power to be entered into the optical fiber 2 can be increased. 
A component by which a gain can be obtained in Raman amplification 
is only one that coincides with the polarization of the pumping 
light, and therefore, if the pumping light is linear polarization 
5 and, at the same time, the amplifying fiber is not a 
polarization-maintaining fiber, the gain will be varied according 
to a variation in the relative polarization of the signal light 
and the pumping light. However, synthesis that has been achieved 
so that the polarization plane can orthogonally cross the pumping 
10 light source of the linear polarization makes it possible to remove 
the polarization dependence of the gain, and, simultaneously, makes 
it possible to increase the pumping light power entered into the 
fiber . 

In the Raman amplifier of the present invention, if a planar 

15 light wave circuit type wavelength-coupling device on the principle 
of the Mach-Zehnder interferometer is used as a means for coupling 
the Fabry-Perot type, the DFB type, or the DBR type semiconductor 
lasers with a plurality of wavelengths, or the MOPAs, coupling can 
be performed at an extremely low loss even when many Fabry-Perot 

20 type semiconductor lasers with a plurality of wavelengths are 
combined, and a high-output pumping light can be obtained. 

In the Raman amplifier of the present invention, if a 
polarization-plane-rotating means 7 for rotating the polarization 
plane by 90 degrees is provided as shown in Fig . 6 , and if a plurality 

25 of pumping lights produced by the pumping light producing means 
1 and a pumping light whose polarization-plane is orthogonally 
crossed with those lights are designed to simultaneously exist in 
the optical fiber 2 , an always constant gain can be fundamentally 
obtained independently of the polarization plane of the signal 

30 light. Since the range of the Raman amplification depends on the 
range of the pumping light, the pumping light entered into the 
optical fiber 2 for amplif ication can be turned into a wideband 
one by coupling the pumping lights with a plurality of wavelengths 
by means of the WDM coupler 11, and, as a result, the Raman gain 

35 becomes wideband. 

In the optical repeater of the present invention, if a 
residual pumping light of the Raman amplifier is entered into the 
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optical fiber transmission line 8, and if the Raman amplification 
effect in the optical fiber transmission line 8 is used, a part 
of the loss of the optical fiber transmission line 8 can be 
compensated . 

5 In the optical repeater of the present invention, if a 

residual pumping light of the Raman amplifier is used as a pumping 
light of the rare- earth-doped fiber amplifier 10, the number of 
semiconductor lasers to be used can be reduced. 

In the optical repeater of the present invention, if a 

10 dispersion compensating fiber is used for the optical fiber 2 of 
the Raman amplifier 9, the wavelength dispersion of the optical 
fiber transmission line 8 can be compensated by this Raman amplifier 
9 , and a part of or all of the loss in the optical fiber transmission 
line 8 and in the amplifying fiber 2 can be compensated. 

15 A Raman amplification method as recited in Claim 29 of the 

present invention is a Raman amplification method for propagating 
two or more pumping lights and signal lights having different center 
wavelengths through an optical fiber serving as a Raman- 
amplification medium and thereby Raman- amplifying the signal 

20 lights, wherein the optical power of the pumping light is heightened 
proportionately with a reduction in the center wavelength thereof . 

A Raman amplification method as recited in Claim 30 of the 
present invention is a Raman amplification method for propagating 
two or more pumping lights and signal lights having different center 

25 wavelengths through an optical fiber serving as a Raman- 
amplification medium and thereby Raman-amplifying the signal 
lights, wherein the total optical power of the pumping light on 
the wavelength side shorter than the intermediate between the 
shortest center wavelength and the longest center wavelength of 

3 0 the two or more pumping lights is designed to be higher than the 
total optical power of the pumping light on the longer wavelength 
side * 

A Raman amplification method as recited in Claim 31 of the 
present invention is a Raman amplification method for propagating 
3 5 three or more pumping lights and signal lights having different 
center wavelengths through an optical fiber serving as a 
Raman-amplification medium and thereby Raman-amplifying the 
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signal lights, wherein the number of pumping light sources having 
center wavelengths shorter than the intermediate between the 
shortest center wavelength and the longest center wavelength of 
the three or more pumping lights is designed to be larger than that 
5 of pumping light sources having center wavelengths longer than the 
intermediate, and the total optical power of the pumping light on 
the shorter wavelength side is designed to be greater than that 
of the pumping light on the longer wavelength side. 

10 Brief Description of Drawings 

Fig. 1 is a block diagram showing a first embodiment of the 
Raman amplifier of the present invention. Fig. 2 is a block diagram 
showing a second embodiment of the Raman amplifier of the present 
invention. Fig. 3 is a block diagram showing a third embodiment 

15 of the Raman amplifier of the present invention. Fig. 4 is a block 
diagram showing a first example of an output light power control 
means in the Raman amplifier of the present invention. Fig. 5 is 
a block diagram showing a second example of the output light power 
control means in the Raman amplifier of the present invention . Fig . 

20 6A and Fig. 6B are block diagrams showing different examples of 
a polarization-plane-rotating means in the Raman amplifier of the 
present invention. Fig. 7 is a block diagram showing a first 
embodiment of the optical repeater of the present invention. Fig. 
8 is a block diagram showing a second embodiment of the optical 

25 repeater of the present invention. Fig. 9 is a block diagram 
showing a third embodiment of the optical repeater of the present 
invention. Fig. 10 is a block diagram showing a fourth embodiment 
of the optical repeater of the present invention. Fig. 11 is a 
block diagram showing a fifth embodiment of the optical repeater 

30 of the present invention. Fig. 12 is an explanatory drawing 
explaining the reason to set the wavelength interval of a pumping 
light to be 6 nm or more. Fig. 13A and Fig. 13B are explanatory 
drawings explaining the reason to set the wavelength interval of 
the pumping light to be 35 nm or less. Fig. 14 is an explanatory 

35 drawing explaining the reason to set a difference between maximum 
and minimum wavelengths of the pumping light to be 100 nm or less. 
Fig. 15 is an explanatory drawing explaining an example of the 
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wavelength pattern of a pumping light in bidirectional pumping. 
Fig. 16 is an explanatory drawing explaining a situation in which 
pumping light power is controlled to flatten a band gain. Figs. 
17A and 17B are explanatory drawings showing characteristics 
5 relevant to the design of an optical repeater. Fig. 18 is an 
explanatory drawing showing the relationship between gain 
variation and flatness deterioration in an EDFA. Fig. 19A is an 
explanatory drawing showing a situation of compensation for input 
level variation by a variable attenuator, and Fig. 19B is an 

10 explanatory drawing showing a situation of compensation for DCF 
loss variation by the variable attenuator. Figs. 2 OA and 2 OB are 
explanatory drawings showing characteristics relevant to the 
design of an optical repeater using a DCF Raman amplification effect . 
Fig. 21A is an explanatory drawing showing a situation of 

15 compensation for input level variation by the Raman amplification 
effect, and Fig. 21B is an explanatory drawing showing a situation 
of compensation for DCF loss variation by the Raman amplification 
effect. Fig. 22 is an explanatory drawing showing an example in 
which an output spectrum by the Raman amplifier is different . Fig . 

20 23 is an explanatory drawing showing the wavelength dependence of 
a gain by the EDFA. Fig. 24 is an explanatory drawing showing gain 
variation by the EDFA. Fig. 25 is an explanatory drawing showing 
the wavelength dependence of the gain by the Raman amplification. 
Fig. 26 is a block diagram of a control method for monitoring input 

2 5 light and controlling output light power. Fig. 27 is a block 
diagram of a control method for monitoring output light and 
controlling output light power. Fig. 28 is a block diagram of a 
control method for monitoring input light and output light and 
controlling output light power. Fig. 29 is a block diagram showing 

30 a first example of a method for transmitting a residual pumping 
light of a Raman amplifier to an optical fiber transmission line 
so as to obtain a Raman gain. Fig. 30 is a block diagram showing 
a second example of the method for transmitting a residual pumping 
light of a Raman amplifier to an optical fiber transmission line 

35 so as to obtain a Raman gain. Fig. 31 is a block diagram showing 
a third example of the method for transmitting a residual pumping 
light of a Raman amplifier to an optical fiber transmission line 
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so as to obtain a Raman gain. Fig. 32 is a block diagram showing 
a fourth example of the method for transmitting a residual pumping 
light of a Raman amplifier to an optical fiber transmission line 
so as to obtain a Raman gain. Fig. 33 is a block diagram showing 
5 a first example of a method for using the residual pumping light 
of the Raman amplifier as a pumping light of the EDFA. Fig. 34 
is a block diagram showing a second example of the method for using 
the residual pumping light of the Raman amplifier as a pumping light 
of the EDFA. Fig. 35 is a block diagram showing a third example 

10 of the method for using the residual pumping light of the Raman 
amplifier as a pumping light of the EDFA. Fig. 36 is a block diagram 
showing a fourth example of the method for using the residual 
pumping light of the Raman amplifier as a pumping light of the EDFA. 
Fig. 37 is an explanatory drawing showing a deterioration in a noise 

15 factor resulting from the insertion of the dispersion-compensating 
fiber. Fig. 38 is an explanatory drawing showing the number of 
pumping wavelengths of the Raman amplifier and characteristics of 
the repeater. Fig. 39 is an explanatory drawing showing the number 
of pumping wavelengths of the Raman amplifier and characteristics 

20 of the repeater. Fig. 40 is a block diagram of an optical repeater 
in which a plurality of Raman amplifiers are connected in 
multi-stage form. Fig. 41 is a block diagram showing an example 
of a pumping light producing means that includes a single pumping 
light source. Fig. 42 is a block diagram showing another example 

25 of the pumping light producing means that includes a single pumping 
light source. Fig. 43 is a block diagram showing an example of 
a pumping light producing means that includes two pumping light 
sources. Fig. 44 is a block diagram showing another example of 
the pumping light producing means that includes two pumping light 

30 sources. Fig. 45 is a block diagram of a Raman amplifier in which 
a dispersion-compensating fiber is used as an amplifying fiber. 
Fig. 46 is a block diagram showing an example of a conventional 
optical repeater . Fig . 47 is an explanatory drawing showing a light 
level diagram in the optical repeater of Fig. 46. Fig. 48 is a 

35 block diagram showing a case where a SMF and a fiber that has 
dispersion less than -20/ps/nm/km are used as amplifying fibers. 
Fig. 49 is an explanatory drawing showing an example of a structure 
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for embodying the Raman amplification method of the present 
invention. Fig. 50 is an explanatory drawing showing the pumping 
light source of Fig. 49. Fig. 51 is a gain profile of an optical 
signal that has been Raman-amplif ied according to the Raman 
5 amplification method of the present invention. Fig. 52 is a gain 
profile of an optical signal that has been Raman-amplified 
according to a conventional method. Fig. 53 is an explanatory- 
drawing showing another example of the structure for embodying the 
Raman amplification method of the present invention. 

10 

Modes for Carrying Out the Invention 

(Embodiment 1 of Raman amplifier) 

Fig. 1 shows a first embodiment of a Raman amplifier of the 
present invention. The Raman amplifier is made up of a signal light 

15 input fiber 12, an amplifying fiber (optical fiber) 2, a WDM coupler 
13, a pumping light producing means 1, a monitor light distributing 
coupler 14, a monitor signal detection/LD control signal generation 
circuit 15, a signal light output fiber 16, and a 
polarization- independent isolator 25. Herein, the monitor light 

20 distributing coupler 14 and the monitor signal detection/LD control 
signal generation circuit 15 constitute an output light power 
control means 4 . 

The pumping light producing means 1 is made up of Fabry- 
Perot type semiconductor lasers 3 (3 1 , 3 2 , 3 3 , 3 4 ) , wavelength- 

25 . stabilizing fiber gratings (external resonators) 5 (5 1# 5 2 , 5 3 , 5 4 ) , 
polarization-synthesizing couplers (polarization synthesizers) 6 
(6 X , 6 2 ) , and a WDM coupler 11. Herein, both the oscillation 
wavelengths of the semiconductor lasers 3 X and 3 2 and the 
transmission wavelengths of the fiber gratings 5 L and 5 2 are 

30 wavelength X x , and both the center wavelengths of the semiconductor 
lasers 3 3 and 3 4 and the transmission . wavelengths of the fiber 
gratings 5 3 and 5 4 are wavelength X 2 , and the oscillation wavelengths 
of the semiconductor lasers 3 1# 3 2 , 3 3 and 3 4 are designed so that 
their center wavelengths are stabilized at X 1 and X 2 by the action 

35 of the wavelength- stabilizing fiber gratings 5 lf 5 2 , 5 3 and 5 4 . A 
wavelength interval between wavelength X ± and wavelength X 2 is from 
6 nm or more to 35 run or less. 
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Pumping lights produced by the semiconductor lasers 3 lt 3 2 , 
3 3 and 3 4 are subjected to polarization synthesis by the 
polarization-synthesizing coupler 6 for each of wavelength X t and 
wavelength \ 2 , and the output light of each polarization- 
5 synthesizing coupler 6 is coupled by the WDM coupler 11, and is 
changed into the output light of the pumping light producing means 

1. The semiconductor lasers 3 and the polarization-synthesizing 
couplers 6 are connected to each other through polarization- 
plane-conserving fibers 17 so as to obtain two pumping lights with 

10 mutually different polarization planes. The output light of the 
pumping light producing means 1 is combined with the amplifying 
fiber 2 by means of the WDM coupler 13 . On the other hand, a signal 
light (wavelength division multiplex light) is entered into the 
amplifying fiber 2 through the signal light input fiber 12, 

15 thereafter is coupled with the pumping light of the pumping light 
producing means 1 and is Raman-amplified by the amplifying fiber 

2, thereafter is passed through the WDM coupler 13, thereafter a 
part of the resultant light to be used as a monitor signal is divided 
by a monitor- light -dividing coupler 14, and the remaining light 

2 0 is output to a signal light output fiber 16. The monitor signal 
is monitored by the monitor signal detection/LD control signal 
generation circuit 15 . This circuit 15 generates a signal to 
control the driving current of each semiconductor laser 3 so that 
a gain deviation in a signal wavelength range becomes small. 

25 A special fiber suitable for Raman amplif ication, such as 

a fiber whose nonlinear refractive index n2 is 3 . 5E-20 [m2/W] or 
more, can be used as the amplifying fiber 2, or the signal input 
fiber 12 to which a signal light is input can be used as the 
amplifying fiber 2 without modification. As shown in Fig. 48, a 

30 RDF (Reverse Dispersion Fiber) having dispersion less than -2 Ops /nm 
per km can be connected to the SMF, and thereby can be used as an 
amplifying fiber that serves also as a transmission line. 
(Generally, it is desirable to set the length of the RDF to be between 
almost the same and twice as long as the SMF, in order to have 

35 dispersion less than -20ps/nm. ) In this case, it is convenient 
to have such a structure that the pumping light for Raman 
amplification propagates from the RDF to the SMF. This Raman 
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amplifier can be adapted into a centralized Raman amplifier by 
designing the amplifying fiber 2 to be connectable and insertable 
to a transmission fiber independently of this transmission fiber, 
not shown, through which a signal light is transmitted, and by 
5 incorporating the amplifying fiber 2, the pumping light producing 
means 1, the WDM coupler 13, the monitor- light -dividing coupler 
14, and the monitor signal detection/LD control signal generation 
circuit 15 as a complete set. 

Fig. 22 shows measurement results of an output spectrum in 

10 the Raman amplifier of Fig. 1. Pumping light wavelengths X ± and 
X 2 used in this measurement are 1435 ran and 1465 ran, respectively, 
and 8 signal lights are input at equal intervals from -2 0 dBm/ch 
1540 nm to 1560 ran. The amplifying fiber 2 is a dispersion 
compensating fiber having a length of about 6 km, and the power 

15 of the pumping light is adjusted to compensate for the loss of the 
dispersion compensating fiber while maintaining a deviation 
between channels within 0.5 dB. 
(Embodiment 2 of Raman amplifier) 

Fig. 2 shows a second embodiment of the Raman amplifier of 

20 the present invention, in which the pumping light from the pumping 
light producing means 1 travels through the amplifying fiber 2 in 
the same direction as the signal light. In more detail, the WDM 
coupler 13 is disposed on the front side of the amplifying fiber 
2, and the pumping light from the pumping light producing means 

25 1 is transmitted from the front side (i.e. , from the input terminal) 
to the rear side (i.e., to the output terminal) of the amplifying 
fiber 2 through the WDM coupler 13. In this structure, it is known 
that the noise characteristic of the signal light is superior to 
that in the structure of embodiment 1, because amplification is 

30 performed before the attenuation of the signal starts. 
Additionally, it is known that the gain is smaller than that in 
the structure of embodiment 1 . 
(Embodiment 3 of Raman amplifier) 

Fig. 3 shows a third embodiment of the Raman amplifier of 

35 the present invention, in which the pumping light from the pumping 
light producing means 1 travels bidirectionally through the 
amplifying fiber 2. In more detail, the WDM couplers 13 are 
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disposed on the front and rear sides of the amplifying fiber 2, 
respectively, and the pumping lights, divided into two groups, from 
the pumping light producing means 1 are combined with the amplifying 
fiber 2 through each WDM coupler 13 . The pumping light that has 
5 been input to the front WDM coupler 13 travels toward the rear side 
of the amplifying fiber 2, whereas the pumping light that has been 
input to the rear WDM coupler 13 travels toward the front side of 
the amplifying fiber 2 . 

In the pumping light producing means 1, the center 

10 wavelengths of the semiconductor lasers 3 X and 3 2 that belong to 
a first group "A" and the semiconductor lasers 3 5 and 3 6 that belong 
to a second group "B" are the same, and the center wavelengths of 
the semiconductor lasers 3 3 and 3 4 that belong to the first group 
"A" and the semiconductor lasers 3 7 and 3 8 that belong to the second 

15 group "B" are the same. The fiber gratings 5 X through 5 8 are designed 
to fit the center wavelength of the semiconductor laser 3 to which 
each of them is connected. 
(Embodiment 4 of Raman amplifier) 

In the embodiment of Fig. 3, modifications can be made such 

2 0 that the center wavelengths of the semiconductor lasers 3 X and 3 2 

that belong to the first group "A" are each A, 2 , the center wavelengths 
of the semiconductor lasers 3 3 and 3 4 that belong to the first group 
"A" are each X 3 , the center wavelengths of the semiconductor lasers 
3 5 and 3 6 that belong to the second group "B" are each X 2 , and the 
25 center wavelengths of the semiconductor lasers 3 7 and 3 8 that belong 
to the second group "B" are each A, 4 , and thereby X x , X 2 , X 2 , and X A 
are changed into mutually adjoining wavelengths. Likewise, in 
this case, a center wavelength interval is from 10 nm or more to 
30 nm or less, and a difference between the maximum center 

3 0 wavelength X 4 and the minimum center wavelength X x is 100 nm or less . 

According to this structure, margins can be given to the wavelength 
interval of the pumping lights coupled in the same group, and the 
performance required of the WDM coupler 4 can be loosened. 
(Embodiment 5 of Raman amplifier) 
35 Fig. 40 shows a fifth embodiment of the Raman amplifier of 

the present invention, in which some suitable ones are selected 
from the Raman amplifiers 9 described in the aforementioned 
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embodiments , and they are connected in multi-stage form. The Raman 
amplifiers 9 different in characteristics are appropriately 
selected according to a desired amplification characteristic or 
noise characteristic, and thereby characteristics that cannot be 
5 obtained by a single-structure Raman amplifier 9 can be obtained. 

In each embodiment described above, the output light power 
control means 4 can be constructed as shown in Fig. 4 or Fig. 5. 
In the structure of Fig. 4, the monitor signal detection/LD control 
signal generation circuit 15, which is made up of a wavelength 

10 branching device 18, photo-electric conversion means (e.g., 
photodiodes) 19, and an LD control circuit 20, is connected to the 
monitor-light-dividing coupler 14 shown in Fig. 1 or Fig. 2 or Fig. 
3 . The wavelength branching device 18 branches the output light 
divided by the monitor- light -dividing coupler 14 into a plurality 

15 of wavelength lights. In this case, light near the maximum 
amplif ication wavelength (wavelength resulting from addition of 
100 nm to the pumping light wavelength) by each individual pumping 
light is branched. In more detail, wavelength light near 1530 nm 
and wavelength light near 1560 nm are branched, on the supposition 

20 that the pumping wavelengths are 1430 nm and 1460 nm. The 
photo-electric conversion means 19 is used to convert received 
wavelength light into an electric signal, in which an output voltage 
varies in accordance with the magnitude of a received-light level . 
The LD control circuit 20 is used to change the driving current 

25 of the semiconductor laser 3 in accordance with the output voltage 
from the photo-electric conversion means 19 . The LD control 
circuit 20 calculates the output voltage from the photo-electric 
conversion means 19, and controls the semiconductor laser 3 so as 
to arrange the optical power of each wavelength light mentioned 

30 above. That is, the output light power control means 4 removes 
the wavelength dependence of a Raman gain and flattens the gain. 

Fig. 5 shows a structure in which the monitor signal 
detection/LD control signal generation circuit 15, which is made 
up of a branching coupler 21, band-pass filters 22, photo-electric 

35 conversion means (e.g., photodiodes) 19, and an LD control circuit 
20, is connected to the monitor- light-dividing coupler 14 shown 
in Fig. 1 or Fig. 2 or Fig. 3. The branching coupler 21 is used 
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to branch the output light divided by the monitor- light-dividing 
coupler 14 into lights identical in number to the pumping lights. 
The band-pass filters 22 are different from each other in the 
transmission center wavelength. In this example, light near the 
5 maximum amplif ication wavelength (wavelength resulting from 
addition of 100 nm to the pumping light wavelength) by each 
individual pumping light is transmitted. In more detail, 
wavelength light near 1530 nm and wavelength light near 1560 nm 
are transmitted, on the supposition that the pumping wavelengths 

10 are 1430 nm and 1460 nm. The photo-electric conversion means 19 
is used to convert received wavelength light into an electric signal, 
in which an output voltage varies in accordance with the magnitude 
of a received- light level. The LD control circuit 20 is used to 
change the driving current of the semiconductor laser 3 in 

15 accordance with the output voltage from the photo-electric 
conversion means 19. The LD control circuit 20 calculates the 
output voltage from the photo-electric conversion means 19, and 
controls the semiconductor laser 3 so as to arrange the optical 
power of each wavelength light mentioned above . That is , the output 

20 light power control means 4 removes the wavelength dependence of 
a Raman gain and flattens the gain. Although the structures of 
Figs . 4 and 5 are constructed so as to monitor the output light 
as shown in Fig . 27 , and thereby control the pumping light producing 
means 1, they can be constructed so as to monitor the input light 

25 as shown in Fig .26, thereby controlling the pumping light producing 
means 1 . Alternatively, they can constructed so as to monitor both 
the output light and the input light as shown in Fig. 28, thereby 
controlling the pumping light producing means 1. 

In each Raman amplifier constructed as above, a 

30 polarization-plane-rotating means 7 for rotating the polarization 
plane of a pumping light by 90 degrees as shown in Figs. 6A and 
6B can also be provided instead of the polarization-synthesizing 
coupler 6 for synthesizing pumping lights, so that a plurality of 
pumping lights produced by the pumping light producing means 1 can 

35 coexist in the amplifying fiber 2 with pumping lights whose 
polarization planes are orthogonally crossed with the produced 
pumping lights. In Fig. 6A, a Faraday rotor 3 X and a total 
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reflection mirror 3 2 are disposed at an end of the amplifying fiber 
2, and the polarization plane of a pumping light propagated to the 
amplifying fiber 2 is rotated by 90 degrees, and thereby the pumping 
light returns to the amplifying fiber 2 again. This figure does 
5 not show a means for extracting a signal light, which has been 
propagated to the amplifying fiber 2 and has been Raman-amplified, 
from the fiber 2. In Fig. 6B, a PBS 33 and a polarization- 
plane-maintaining fiber 34 are provided at an end of the amplifying 
fiber 2, and the polarization plane of a pumping light output from 
10 the end of the amplifying fiber 2 is rotated by 90 degrees by the 
polarization-plane-maintaining fiber 34 whose main axis is twisted 
by 90 degrees and is connected, and thereby the pumping light is 
input to the end of the amplifying fiber 2 again through the PBS 
33. 

15 (Embodiment 1 of optical repeater) 

Fig. 7 shows a first embodiment of an optical repeater 
constructed by employing the Raman amplifier of the present 
invention. The optical repeater shown here is to be inserted in 
the optical fiber transmission line 8 and to compensate a loss in 

20 this transmission line 8. In the optical repeater, a rare- 
earth-doped fiber amplifier 10 (hereinafter referred to as EDFA) 
is connected to the rear stage of a Raman amplifier 9, such as that 
shown in Fig. 1, 2, or 3 . A signal light transmitted to the optical 
fiber transmission line 8 is input to the Raman amplifier 9 and 

25 is amplified, thereafter is input to the EDFA 10 and is amplified, 
and is output to the optical fiber transmission line 8. A gain 
may be controlled on the side of the Raman amplifier 9, or on the 
side of the EDFA 10, or on both sides. What is needed is to 
compensate the loss in the transmission line 8 as a whole. If the 

30 difference between the wavelength dependence of the gain of the 
EDFA 10 arid the wavelength dependence of the Raman amplifier 9 can 
be properly adjusted, the wavelength dependence of the gain of the 
EDFA 10 can be reduced by the wavelength dependence of the Raman 
amplifier 9. 

35 (Embodiment 2 of optical repeater) 

Fig. 8 shows a second embodiment of the optical repeater 
constructed by employing the Raman amplifier of the present 
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invention. This optical repeater further has the EDFA 10 provided 
at the front stage of the Raman amplif ier 9 in the optical repeater 
of Fig. 7. The EDFA 10 can be provided only at the front stage 
of the Raman amplifier 9. 
5 (Embodiment 3 of optical repeater) 

Fig. 9 shows a third embodiment of the optical repeater 
constructed by employing the Raman amplifier of the present 
invention, in which a Raman amplifier 9 that uses a dispersion 
compensating fiber (DCF) as the amplification fiber 2 is provided 

10 between two EDFAs 10. A branching coupler 23 for branching the 
output light from the Raman amplifier 9 and a monitor signal 
detection/LD control signal generation circuit 24 for monitoring 
the branched light and controlling the gain of the Raman amplifier 
9 are provided between the Raman amplifier 9 and the EDFA 10 placed 

15 at the rear stage thereof . The monitor signal detection/LD control 
signal generation circuit 24 is such a control circuit as to be 
able to maintain the output power of the Raman amplifier 9 at a 
predetermined value. If the Raman amplifier 9 itself includes the 
output light power control means 4 shown in Figs. 4 and 5, the power 

20 of output light is controlled to reach a predetermined value, and, 
at the same time, the power of pumping light is controlled so that 
a level deviation between a plurality of output signals becomes 
small . 

In the optical repeater of Fig. 9, an output light level of 
25 the Raman amplifier 9, i.e., an input light level to the second 
EDFA 10 is always maintained constant without the influence of a 
DCF loss or an output level of the first EDFA 10 . This guarantees 
that the gain of the second EDFA 10 is maintained constant when 
the output of the repeater is prescribed. As a result, it is 
30 possible to prevent the deterioration of the gain flatness of the 
second EDFA 10 resulting from, for example, a variation in the DCF 
loss. Further, if the first EDFA 10 is controlled to maintain a 
constant gain, a variation in the input to the repeater is 
compensated by a variation in the gain of the Raman amplifier 9 . 
35 In other words, the gain of the repeater is adjusted only by the 
gain of the Raman amplifier 9, and therefore the deterioration of 
a flatness degree caused by a variation in the gain of the EDFA 
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10 can be completely prevented. 
(Embodiment 4 of optical repeater) 

Fig. 10 shows a structure in which a control means for 
monitoring a light level and adjusting the gain of the Raman 
amplifier 9 is further provided between the first EDFA 10 and the 
Raman amplifier 9 in the embodiment of Fig. 9. Pumping light can 
be controlled by this means so that the level difference between 
the input and the output of the Raman amplifier 9 is maintained 
constant. This can compensate only fluctuations in the DCF loss. 
(Embodiment 5 of optical repeater) 

Fig. 11 shows a structure in which the gain- flattening 
monitor mechanism disposed in the Raman amplifier 9 of the 
aforementioned embodiment is moved to the output terminal of the 
repeater, and is used as a monitor for flattening the gain of the 
entire repeater. In this example, the first EDFA 10 and the second 
EDFA 10 may be used either for gain uniform control or for output 
uniform control. The power of each pumping light is individually 
controlled so that a level deviation between output signals in the 
repeater output becomes small . 
(Embodiment 6 of optical repeater) 

The optical repeater of the present invention can be 
constructed such that a dispersion compensating fiber is used for 
the amplifying fiber 2 of the Raman amplifier constructed as shown 
in Figs . 1 through 3 , and thereby the wavelength dispersion of the 
optical fiber transmission line 8 is compensated, and a part of 
or all of the loss in the transmission line 8 and in the amplifying 
fiber 2 is compensated. 
(Embodiment 7 of optical repeater) 

Use can be made of an optical repeater that includes the Raman 
airplif ier 9 using the pumping light producing means 1 shown in Figs . 
41 through 44 in each embodiment of the aforementioned optical 
repeaters . 

(Embodiment 8 of optical repeater) 

As shown in Fig. 29 through Fig. 32, the WDM couplers 13 are 
inserted on the way to the amplifying fiber 2 of the Raman amplifier 
9, and a residual pumping light from the pumping light producing 
means 1 to be propagated to the amplifying fiber 2 is entered into 



the transmission line 8 through a WDM coupler 27 disposed in the 
transmission line 8 on the input side or on the output side of the 
Raman amplifier 9, thus making it possible to generate a Raman gain 
also in the transmission line 8. In Fig. 29 through Fig. 32, 
5 reference numeral 26 designates an optical isolator. 
(Embodiment 9 of optical repeater) 

If the optical repeater is made up of the Raman amplifier 
9 and the EDFA 10 as shown in Fig . 3 3 through Fig .36, the WDM couplers 
13 are inserted on the way to the amplifying fiber 2 of the Raman 

10 amplifier 9 , and a residual pumping light from the pumping light 
producing means 1 to be propagated to the amplifying fiber 2 is 
entered into the EDFA 10, thus making it possible to use the residual 
light as a pumping /auxiliary pumping light of the EDFA 10 . Likewise, 
in Fig. 33 through Fig. 36, reference numeral 26 designates an 

15 optical isolator. 

(Embodiment 1 of Raman amplif ication method) 

Embodiments of a Raman amplification method of the present 
invention will be described in detail with reference to Fig. 49 
through Fig. 52 . In this embodiment, a highly nonlinear dispersion 

2 0 compensating fiber (DCF) is used as a Raman-amplif ication medium 
50 of Fig. 49, and a pumping light oscillated from a pumping light 
source 51 is entered there by using a wave -combining device 52 , 
and is transmitted. In this case, a 4chWDMLD unit, which is made 
up of four pumping light sources (semiconductor lasers) , fiber 

25 black gratings (FBG) , polarization synthesizers (PBC) , and a WDM 
as shown in Fig. 50, is used as the pumping light source 51. The 
semiconductor lasers of Fig. 50 are different from each other in 
the center wavelength of an oscillated pumping light. 
Specifically, pumping lights whose center wavelengths are 1435 nm, 

30 1450 nm, 1465 nm, and 1480 nm are oscillated. These pumping lights 
give the Raman gain to signal lights transmitted by the DCF, and 
amplify the signal lights. In this case, each pumping light has 
a gain peak in a frequency about 13 THz lower than that of the pumping 
light , i.e., a frequency about 100 nm longer than that of the pumping 

35 light. 

In an example where a signal light of light of 1500 nm to 
1600 nm is propagated from an end of a DCF with a length of 6 km 
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through this DCF, and pumping lights of 1400 nm, 1420 nm, 1440 ran, 
1460 run, and 1480 nm are entered into the DCF, and thereby the signal 
light is Raman-amplified, the input signal light and output signal 
light (i.e., Raman- amplified signal light) that has been output 
5 from an end of the DCF were examined, and the wavelengths and the 
total loss of the DCF were examined. Table 1 shows the relationship 
between the wavelengths and the total loss of the DCF. From this, 
it is apparent that wavelength dependence exists. 



[Table 1] 



Wavelength (nm) 


Unit loss (dB/km) 


Total loss (dB) 


1400 


6.76 


40.56 


1420 


3.28 


19.68 


1440 


1.74 


10.44 


1460 


1.16 


6.96 


1480 


0.85 


5.10 


1500 


0.69 


4.14 


1520 


0.62 


3.72 


1540 


0.57 


3.42 


1560 


0.55 


3.30 


1580 


0.54 


3.24 


1600 


0.59 


3.54 



Herein, if the sum of a loss incurred by the semiconductor 
laser and a loss incurred by signal light that has been amplified 
by the semiconductor laser on the side of a wavelength longer by 
about 100 nm is regarded as an effective total loss, the 
relationship between the wavelengths and the effective total loss 



15 is shown as in Table 2. 



[Table 2] 



Wavelength (nm) 


Effective total loss 


(dB) 


1400 


40.56+4.14 


44.7 


1420 


19.68+3.72 


23.4 


1440 


10.44+3 .42 


13.86 


1460 


6.96+3 .30 


10.26 


1480 


5.10+3 .24 


8.34 



The Raman amplification itself has almost no wavelength 
dependence. Therefore, if the amplification efficiency of each 
wavelength is considered as being influenced by this effective 
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total loss, each wavelength light can be almost uniformly 
Raman-amplified by adding this effective total loss to the output 
of the semiconductor laser needed for each desired amplification 
characteristic , and the wavelength dependence of the gain can be 
5 removed. Therefore, in this embodiment, the optical power of a 
pumping light is heightened proportionately with a reduction in 
the center wavelength of the pumping light. 
(Embodiment 2 of Raman amplif ication method) 

The Raman amplification method of this embodiment is a method 
10 for heightening the optical power of a pumping light of a wavelength 
shorter than the intermediate between the shortest center 
wavelength and the longest center wavelength among two or more 
pumping lights entered into the DCF, in order to almost uniformly 
Raman-amplify the signal light of 1500 nm to 1600 nm transmitted 
15 through the DCF. Specifically, the center wavelengths of pumping 
lights that are oscillated from the pumping light source 51 of Fig. 
50 and are entered into the DCF are fixed at 1435 nm, 1450 nm, 1465 
nm, and 1480 nm. The optical powers thereof are set as follows. 
That is, the powers of the pumping lights of 1435 nm and 1450 nm 
20 were heightened that are shorter than the center wavelength of 1457 
nm which is intermediate between the center wavelength of 1435 nm 
which is the shortest and the center wavelength of 1480 nm which 
is the longest among the four pumping lights entered into the DCF . 
Optical power of 1435 nm: 563 mW 
25 Optical power of 1450 nm: 311 mW 

Optical power of 1465 nm: 122 mW 
Optical power of 1480 nm: 244 mW 
As a result, concerning the gain profile obtained after the 
Raman amplif ication of the signal light of 1500 nm to 1600 nm 
30 transmitted through the DCF, the gain was about 11 dB, and the 
flatness degree was 1 dB from 1540 to 1590 nm as shown in Fig. 51. 
Accordingly, each wavelength light transmitted through the DCF was 
able to be almost uniformly Raman-amplified. 

By the way, in a case where the center wavelengths of pumping 
35 lights oscillated from the pumping light source 51 and entered into 
the DCF are fixed at 1435 nm, 1450 nm, 1465 nm, and 1480 nm, and 
where the optical power of each pumping light is uniformly set at 
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563 mW, the gain profile obtained after the Raman amplification 
of the signal light of 1500 nm to 1600 nm transmitted through the 
DCF was shown as in Fig. 52 . That is, the gain of about 24 dB was 
obtained near 1580 nm, but wideband gain flatness was not obtained 
5 (i.e., the loss waveform of the fiber is in a reversed state) . 
(Embodiment 3 of Raman amplification method) 

Fig. 53 shows a third embodiment of the Raman amplification 
method of the present invention . In the Raman amplification method 
of this figure, a wave- combining device on the principle of the 

10 Mach-Zehnder interferometer is used for combining pumping lights 
together, and the wavelengths of pumping lights capable of being 
combined have equal intervals. In this embodiment, some of the 
wavelengths capable of being combined are unused, and the number 
of wavelengths on the shorter wavelength side in the range of 

15 pumping lights is larger than that on the longer wavelength side. 
In this structure, if the powers of pumping lights of all 
wavelengths are made uniform, the total power of the pumping lights 
on the shorter wavelength side becomes greater than that on the 
longer wavelength side. This is the same as a case where the power 

2 0 on the shorter wavelength side is set to be greater than that on 
the longer wavelength side under the condition that the pumping 
lights are equally spaced out as in embodiment 2 described above. 
Therefore, the structure of Fig. 53 makes it possible to flatten 
a gain profile without allowing each individual pumping light to 

25 produce a great difference. This means that the total power of 
pumping lights capable of flattening a gain profile in a 
predetermined range can be heightened after determining the upper 
limit of output power from one pumping light, and means that the 
gain of the amplifier can be greatly taken. 

30 

Industrial Applicability 

In the Raman amplifier of the present invention, it is 
possible to provide an optical amplifier capable of reducing the 
wavelength dependence of a gain to such an extent as not to need 
35 a gain- flattening filter and capable of maintaining flatness 
regardless of gain variations by selecting the wavelength of a 
pumping light source so that the center wavelength interval is from 



6 nm or more to 35 nm or less and so that the difference between 
maximum and minimum values of center wavelengths is within 100 nm. 
It is also possible to apply this amplifier to an optical repeater 
for compensation for a loss in a transmission line and wavelength 
5 dispersion. In the repeater constructed by a combination with an 
EDFA, the input variations of the repeater or the gain variations 
of the EDFA caused by DCF loss variations can be suppressed, and 
thereby a deterioration of the gain flatness can be prevented, and 
the repeater can adjust to various systems. 

10 According to the Raman amplification method of the present 

invention, the pimping light power is heightened proportionately 
with a reduction in the center wavelengths of two or more pumping 
lights entered into the DCF, or the pumping light power of a 
wavelength shorter than the intermediate between the shortest 

15 center wavelength and the longest center wavelength of two or more 
pumping lights entered into the DCF is heightened. Therefore, in 
either case, the wavelength multiplex light of about 1500 nm to 
about 1600 nm can be amplified at almost the same gain even if a 
highly nonlinear optical fiber is used. In other words , a necessary 

20 gain can be obtained with a short optical fiber by using a highly 
nonlinear optical fiber. Further, since the length of the optical 
fiber can be shortened, a Raman amplifier suitable for unitization 
can be provided. 



31 



CLAIMS 

1. A Raman amplifier that includes pumping light producing 
means (1) for producing a plurality of pumping lights and that 
combines the plurality of pumping lights output from the pumping 

5 light producing means (1) with a signal light propagated through 
an optical fiber (2) and thereby gives a Raman gain to the signal 
light, characterized in that the pumping light producing means (1) 
is constructed with a Fabry- Perot type, a DFB type, or a DBR type 
semiconductor laser or with a MOPA (3) , and the pumping lights are 
10 set so that center wavelengths thereof are different from each other 
and so that an interval between the center wavelengths is 6 nm or 
more to 35 nm or less. 

2. A Raman amplifier that includes pumping light producing 
means (1) for producing a plurality of pumping lights and that 

15 combines the plurality of pumping lights output from the pumping 
light producing means (1) with a signal light propagated through 
an optical fiber (2) and thereby gives a Raman gain to the signal 
light, characterized in that the pumping light producing means (1) 
is constructed with a Fabry- Perot type, a DFB type, or a DBR type 

2 0 semiconductor laser or with a MOPA (3) , and the pumping lights are 
set so that center wavelengths thereof are different from each other 
and so that an interval between the center wavelengths is 6 nm or 
more to 35 nm or less, the Raman amplifier further including output 
light power control means (4) for monitoring input light or output 

25 light, and, based on its result, controlling power of each pumping 
light of the pumping light producing means (1) so as to maintain 
output light power at a predetermined value. 

3 . A Raman amplifier that includes pumping light producing 
means (1) for producing a plurality of pumping lights and that 

30 combines the plurality of pumping lights output from the pumping 
light producing means (1) with a signal light propagated through 
an optical fiber (2) and thereby gives a Raman gain to the signal 
light, characterized in that the pumping light producing means (1) 
is constructed with a Fabry- Perot type, a DFB type, or a DBR type 

35 semiconductor laser or with a MOPA (3) , and the pumping lights are 
set so that center wavelengths thereof are different from each other 
and so that an interval between the center wavelengths is 6 nm or 
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more to 35 run or less, the Raman amplifier further including output 
light power control means (4) for monitoring output light, and, 
based on its result, controlling power of each pumping light of 
the pumping light producing means (1) so as to flatten wavelength 
5 dependence of amplifier output . 

4. A Raman amplifier that includes pumping light producing 
means (1) for producing a plurality of pumping lights and that 
combines the plurality of pumping lights output from the pumping 
light producing means (1) with a signal light propagated through 

10 an optical fiber (2) and thereby gives a Raman gain to the signal 
light, characterized in that the pumping light producing means (1) 
is constructed with a Fabry- Perot type, a DFB type, or a DBR type 
semiconductor laser or with a MOPA (3) , and the pumping lights are 
set so that center wavelengths thereof are different from each other 

15 and so that an interval between the center wavelengths is 6 nm or 
more to 35 nm or less, the Raman amplif ier further including output 
light power control means (4) for monitoring input light and output 
light power, and controlling power of each pumping light of the 
pumping light producing means (1) so as to make a ratio between 

20 the input light and the output light power constant and so as to 
maintain a gain at a predetermined value. 

5. A Raman amplifier that includes pumping light producing 
means (1) for producing a plurality of pumping lights and that 
combines the plurality of pumping lights output from the pumping 

25 light producing means (1) with a signal light propagated through 
an optical fiber (2) and thereby gives a Raman gain to the signal 
light, characterized in that the pumping light producing means (1) 
is constructed with a Fabry- Perot type, a DFB type, or a DBR type 
semiconductor laser or with a MOPA (3) , and the pumping lights are 

3 0 set so that center wavelengths thereof are different from each other 
and so that an interval between the center wavelengths is 6 nm or 
more to 35 nm or less, and the optical fiber (2) for amplification 
has a nonlinear refractive index n2 of 3 . 5E-20 [m2/W] or more. 

6. A Raman amplifier that includes pumping light producing 
3 5 means (1) for producing a plurality of pumping lights and that 

combines the plurality of pumping lights output from the pumping 
light producing means (1) with a signal light propagated through 
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an optical fiber (2) and thereby gives a Raman gain to the signal 
light, characterized in that the pumping light producing means (1) 
is constructed with a Fabry-Perot type, a DFB type, or a DBR type 
semiconductor laser or with a MOPA (3) , and the pumping lights are 
5 set so that center wavelengths thereof are different from each other 
and so that an interval between the center wavelengths is 6 nm or 
more to 35 nm or less, and the optical fiber (2) for amplification 
exists as a part of a transmission line. 

7. A Raman amplifier that includes pumping light producing 
10 means (1) for producing a plurality of pumping lights and that 

combines the plurality of pumping lights output from the pumping 
light producing means (1) with a signal light propagated through 
an optical fiber (2) and thereby gives a Raman gain to the signal 
light, characterized in that the pumping light producing means (1) 
15 is cons true ted with a Fabry- Perot type, a DFB type, or a DBR type 
semiconductor laser or with a MOPA (3) , and the pumping lights are 
set so that center wavelengths thereof are different from each other 
and so that an interval between the center wavelengths is 6 nm or 
more to 35 nm or less, and a SMF and a fiber having dispersion less 

2 0 than -20/ps/nm/km are used as the optical fiber (2) for 

amplification . 

8. A Raman amplifier that includes pumping light producing 
means (1) for producing a plurality of pumping lights and that 
combines the plurality of pumping lights output from the pumping 

25 light producing means (1) with a signal light propagated through 
an optical fiber (2) and thereby gives a Raman gain to the signal 
light, characterized in that the pumping light producing means (1) 
is constructed with a Fabry- Perot type, a DFB type, or a DBR type 
semiconductor laser or with a MOPA (3) , and the pumping lights are 

3 0 set so that center wavelengths thereof are different from each other 

and so that an interval between the center wavelengths is 6 nm or 
more to 35 nm or less, and the optical fiber (2) for amplification 
is independent of a transmission fiber for propagating a signal 
light, and exists as a fiber for Raman amplification that can be 
35 inserted into the transmission fiber. 

9 . An optical repeater for being inserted into an optical fiber 
transmission line (8) and compensating a loss in the optical fiber 
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transmission line (8), comprises a Raman amplifier that includes 
pumping light producing means (1) for producing a plurality of 
pumping lights and combines the plurality of pumping lights output 
from the pumping light producing means (1) with a signal light 
propagated through an optical fiber (2) and thereby gives a Raman 
gain to the signal light, the pumping light producing means (1) 
is constructed with a Fabry-Perot type, a DFB type, or a DBR type 
semiconductor laser or with a MOPA (3) , and the pumping lights are 
set so that center wavelengths thereof are different from each other 
and so that an interval between the center wavelengths is 6 run or 
more to 35 nm or less, the optical repeater compensating a loss 
in the optical fiber transmission line (8) by the Raman amplifier 
(9) . 

10 . An optical repeater for being inserted into an optical fiber 
transmission line (8) and compensating a loss in the optical fiber 
transmission line (8) , comprises a Raman amplifier that includes 
pumping light producing means (1) for producing a plurality of 
pumping lights and combines the plurality of pumping lights output 
from the pumping light producing means (1) with a signal light 
propagated through an optical fiber (2) and thereby gives a Raman 
gain to the signal light, the pumping light producing means (1) 
is constructed with a Fabry-Perot type, a DFB type, or a DBR type 
semiconductor laser or with a MOPA (3) , and the pumping lights are 
set so that center wavelengths thereof are different from each other 
and so that an interval between the center wavelengths is 6 nm or 
more to 35 nm or less, the Raman amplifier further including output 
light power control means (4) for monitoring input light power or 
output light power, and, based on its result, controlling power 
of each pumping light of the pumping light producing means (1) so 
as to maintain output light power at a predetermined value, the 
optical repeater compensating a. loss in the optical fiber 
transmission line (8) by the Raman amplifier (9) . 

11. An optical repeater for being inserted into an optical fiber 
transmission line (8) and compensating a loss in the optical fiber 
transmission line (8) , comprises a Raman amplifier that includes 
pumping light producing means (1) for producing a plurality of 
pumping lights and combines the plurality of pumping lights output 



from the pumping light producing means (1) with a signal light 
propagated through an optical fiber (2) and thereby gives a Raman 
gain to the signal light, the pumping light producing means (1) 
is constructed with a Fabry-Perot type, a DFB type, or a DBR type 
5 semiconductor laser or with a MOPA (3) , and the pumping lights are 
set so that center wavelengths thereof are different from each other 
and so that an interval between the center wavelengths is 6 run or 
more to 35 nm or less, the Raman amplifier further including output 
light power control means (4) for monitoring output light, and, 
10 based on its result, controlling power of each pumping light of 
the pumping light producing means (1) so as to flatten wavelength 
dependence of amplifier output, the optical repeater compensating 
a loss in the optical fiber transmission line (8) by the Raman 
amplifier (9) . 

15 12 . An optical repeater for being inserted into an optical fiber 
transmission line (8) and compensating a loss in the optical fiber 
transmission line (8) , comprises a Raman amplifier that includes 
pumping light producing means (1) for producing a plurality of 
pumping lights and combines the plurality of pumping lights output 

20 from the pumping light producing means (1) with a signal light 
propagated through an optical fiber (2) and thereby gives a Raman 
gain to the signal light, the pumping light producing means (1) 
is constructed with a Fabry-Perot type, a DFB type, or a DBR type 
semiconductor laser or with a MOPA (3) , and the pumping lights are 

2 5 set so that center wavelengths thereof are different from each other 
and so that an interval between the center wavelengths is 6 nm or 
more to 35 nm or less, the Raman amplifier further including output 
light power control means (4) for monitoring input light power and 
output light power, and controlling power of each pumping light 

30 of the pumping light producing means ( 1 ) so as to make a ratio between 
the input light power and the output light power constant and so 
as to maintain a gain at a predetermined value, the optical repeater 
compensating a loss in the optical fiber transmission line (8) by 
the Raman amplifier (9) . 

35 13 . An optical repeater for being inserted into an optical fiber 
transmission line (8) and compensating a loss in the optical fiber 
transmission line (8) , comprises a Raman amplifier that includes 
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pumping light producing means (1) for producing a plurality of 
pumping lights and combines the plurality of pumping lights output 
from the pumping light producing means (1) with a signal light 
propagated through an optical fiber (2) and thereby gives a Raman 
gain to the signal light, the pumping light producing means (1) 
is constructed with a Fabry- Perot type, a DFB type, or a DBR type 
semiconductor laser or with a MOPA (3) , and the pumping lights are 
set so that center wavelengths thereof are different from each other 
and so that an interval between the center wavelengths is 6 nm or 
more to 35 nm or less, and the optical fiber (2) for amplification 
has a nonlinear refract ive index n2 of 3 . 5E— 2 0 [m2/W] or more, the 
optical repeater compensating a loss in the optical fiber 
transmission line (8) by the Raman amplifier (9) . 

14 . An optical repeater for being inserted into an optical fiber 
transmission line (8) and compensating a loss in the optical fiber 
transmission line (8) , comprises a Raman amplifier that includes 
pumping light producing means (1) for producing a plurality of 
pumping lights and combines the plurality of pumping lights output 
from the pumping light producing means (1) with a signal light 
propagated through an optical fiber (2) and thereby gives a Raman 
gain to the signal light, the pumping light producing means (1) 
is constructed with a Fabry- Perot type, a DFB type, or a DBR type 
semiconductor laser or with a MOPA (3) , and the pumping lights are 
set so that center wavelengths thereof are different from each other 
and so that an interval between the center wavelengths is 6 nm or 
more to 35 nm or less, and the optical fiber (2) for amplification 
exists as a part of a transmission line, the optical repeater 
compensating a loss in the optical fiber transmission line (8) by 
the Raman amplifier (9) . 

15. An optical repeater for being inserted into an optical fiber 
transmission line (8) and compensating a loss in the optical fiber 
transmission line (8) , comprises a Raman amplifier that includes 
pumping light producing means (1) for producing a plurality of 
pumping lights and combines the plurality of pumping lights output 
from the pumping light producing means (1) with a signal light 
propagated through an optical fiber (2) and thereby gives a Raman 
gain to the signal light, the pumping light producing means (1) 
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is constructed with a Fabry- Perot type, a DFB type, or a DBR type 
semiconductor laser or with a MOPA (3) , and the pumping lights are 
set so that center wavelengths thereof are different from each other 
and so that an interval between the center wavelengths is 6 nm or 
more to 35 nm or less, and a SMF and a fiber having dispersion less 
than -20/ps/nm/km are used as the optical fiber (2) for 
amplification, the optical repeater compensating a loss in the 
optical fiber transmission line (8) by the Raman amplifier (9) . 

16 . An optical repeater for being inserted into an optical fiber 
transmission line (8) and compensating a loss in the optical fiber 
transmission line (8), comprises a Raman amplifier that includes 
pumping light producing means (1) for producing a plurality of 
pumping lights and combines the plurality of pumping lights output 
from the pumping light producing means (1) with a signal light 
propagated through an optical fiber (2) and thereby gives a Raman 
gain to the signal light, the pumping light producing means (1) 
is constructed with a Fabry- Perot type, a DFB type, or a DBR type 
semiconductor laser or with a MOPA (3) , and the pumping lights are 
set so that center wavelengths thereof are different from each other 
and so that an interval between the center wavelengths is 6 nm or 
more to 35 nm or less, and the optical fiber (2) for amplification 
is independent of a transmission fiber for propagating a signal 
light, and exists as a fiber for Raman amplification that can be 
inserted into the transmission fiber, the optical repeater 
compensating a loss in the optical fiber transmission line (8) by 
the Raman amplifier (9) . 

17 . An optical repeater for being inserted into an optical fiber 
transmission line (8) and compensating a loss in the optical fiber 
transmission line (8) by a Raman amplifier (9) , wherein the Raman 
amplifier (9) includes pumping light producing means (1) for 
producing a plurality of pumping lights and combines the plurality 
of pumping lights output from the pumping light producing means 
(1) with a signal light propagated through an optical fiber (2) 
and thereby gives a Raman gain to the signal light, the pumping 
light producing means (1) is constructed with a Fabry- Perot type, 
a DFB type, or a DBR type semiconductor laser or with a MOPA (3) , 
and the pumping lights are set so that center wavelengths thereof 
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are different from each other and so that an interval between the 
center wavelengths is 6 run or more to 35 ran or less, the optical 
repeater including a rare -earth- doped fiber amplifier (10) at a 
front stage of, at a rear stage of, or at both the front and rear 
5 stages of the Raman amplifier (9) . 

18 . An optical repeater for being inserted into an optical fiber 
transmission line (8) and compensating a loss in the optical fiber 
transmission line (8) by a Raman amplifier (9) , wherein the Raman 
amplifier (9) includes pumping light producing means (1) for 

10 producing a plurality of pumping lights and combines the plurality 
of pumping lights output from the pumping light producing means 
(1) with a signal light propagated through an optical fiber (2) 
and thereby gives a Raman gain to the signal light, the pumping 
light producing means (1) is constructed with a Fabry- Perot type, 

15 a DFB type, or a DBR type semiconductor laser or with a MOPA (3) , 
and the pumping lights are set so that center wavelengths thereof 
are different from each other and so that an interval between the 
center wavelengths is 6 nm or more to 35 nm or less, the Raman 
amplifier further including output light power control means (4) 

20 for monitoring input light or output light, and, based on its result, 
controlling power of each pumping light of the pumping light 
producing means (1) so as to maintain output light power at a 
predetermined value, the optical repeater including a rare- 
earth-doped fiber amplifier (10) at a front stage of, at a rear 

25 stage of, or at both the front and rear stages of the Raman amplifier 
(9) . 

19 . An optical repeater for being inserted into an optical fiber 
transmission line (8) and compensating a loss in the optical fiber 
transmission line (8) by a Raman amplifier (9) , wherein the Raman 

3 0 amplifier (9) includes pumping light producing means (1) for 
producing a plurality of pumping lights and combines the plurality 
of pumping lights output from the pumping light producing means 
(1) with a signal light propagated through an optical fiber (2) 
and thereby gives a Raman gain to the signal light, the pumping 

35 light producing means (1) is constructed with a Fabry- Perot type, 
a DFB type, or a DBR type semiconductor laser or with a MOPA (3) , 
and the pumping lights are set so that center wavelengths thereof 
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are different from each other and so that an interval between the 
center wavelengths is 6 nm or more to 35 nm or less, the Raman 
amplifier further including output light power control means (4) 
for monitoring output light, and, based on its result, controlling 
5 power of each pumping light of the pumping light producing means 
(1) so as to flatten wavelength dependence of amplifier output, 
the optical repeater including a rare-earth-doped fiber amplifier 
(10) at a front stage of, at a rear stage of, or at both the front 
and rear stages of the Raman amplifier (9) . 

10 20 . An optical repeater for being inserted into an optical fiber 
transmission line (8) and compensating a loss in the optical fiber 
transmission line (8) by a Raman amplifier (9) , wherein the Raman 
amplifier (9) includes pumping light producing means (1) for 
producing a plurality of pumping lights and combines the plurality 

15 of pumping lights output from the pumping light producing means 
(1) with a signal light propagated through an optical fiber (2) 
and thereby gives a Raman gain to the signal light, the pumping 
light producing means (1) is constructed with a Fabry- Perot type, 
a DFB type, or a DBR type semiconductor laser or with a MOPA (3) , 

20 and the pumping lights are set so that center wavelengths thereof 
are different from each other and so that an interval between the 
center wavelengths is 6 nm or more to 35 nm or less, the Raman 
amplifier further including output light power control means (4) 
for monitoring input light power and output light power, and 

25 controlling power of each pumping light of the pumping light 
producing means (1) so as to make a ratio between the input light 
power and the output light power constant and so as to maintain 
a gain at a predetermined value, the optical repeater including 
a rare-earth-doped fiber amplifier (10) at a front stage of, at 

30 a rear stage of, or at both the front and rear stages of the Raman 
amplifier (9) . 

21 . An optical repeater for being inserted into an optical fiber 
transmission line (8) and compensating a loss in the optical fiber 
transmission line (8) by a Raman amplifier (9) , wherein the Raman 
35 amplifier (9) includes pumping light producing means (1) for 
producing a plurality of pumping lights and combines the plurality 
of pumping lights output from the pumping light producing means 
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(1) with a signal light propagated through an optical fiber (2) 
and thereby gives a Raman gain to the signal light, the pumping 
light producing means (1) is constructed with a Fabry- Perot type, 
a DFB type, or a DBR type semiconductor laser or with a MOPA (3) , 
5 and the pumping lights are set so that center wavelengths thereof 
are different from each other and so that an interval between the 
center wavelengths is 6 ran or more to 35 run or less, and the optical 
fiber (2) for amplif ication has a nonlinear refractive index n2 
of 3 . 5E-20 [m2/W] or more, the optical repeater including a 
10 rare-earth-doped fiber amplifier (10) at a front stage of, at a 
rear stage of, or at both the front and rear stages of the Raman 
amplifier (9) . 

22 . An optical repeater for being inserted into an optical fiber 
transmission line (8) and compensating a loss in the optical fiber 

15 transmission line (8) by a Raman amplifier (9) , wherein the Raman 
amplifier (9) includes pumping light producing means (1) for 
producing a plurality of pumping lights and combines the plurality 
of pumping lights output from the pumping light producing means 
(1) with a signal light propagated through an optical fiber (2) 

20 and thereby gives a Raman gain to the signal light, the pumping 
light producing means (1) is constructed with a Fabry- Perot type, 
a DFB type, or a DBR type semiconductor laser or with a MOPA (3) , 
and the pumping lights are set so that center wavelengths thereof 
are different from each other and so that an interval between the 

25 center wavelengths is 6 run or more to 35 ran or less, and the optical 
fiber (2) for amplif ication exists as a part of a transmission line, 
the optical repeater including a rare-earth-doped fiber amplif ier 
(10) at a front stage of, at a rear stage of, or at both the front 
and rear stages of the Raman amplifier (9) . 

30 23 . An optical repeater for being inserted into an optical fiber 
transmission line (8) and compensating a loss in the optical fiber 
transmission line (8) by a Raman amplifier (9) , wherein the Raman 
amplifier (9) includes pumping light producing means (1) for 
producing a plurality of pumping lights and combines the plurality 

35 of pumping lights output from the pumping light producing means 
(1) with a signal light propagated through an optical fiber (2) 
and thereby gives a Raman gain to the signal light, the pumping 



light producing means (1) is constructed with a Fabry- Perot type, 
a DFB type, or a DBR type semiconductor laser or with a MOPA (3) , 
and the pumping lights are set so that center wavelengths thereof 
are different from each other and so that an interval between the 
5 center wavelengths is 6 nm or more to 35 nm or less, and a SMF and 
a fiber having dispersion less than -20/ps/nm/km are used as the 
optical fiber (2) for amplification, the optical repeater including 
a rare-earth-doped fiber amplifier (10) at a front stage of, at 
a rear stage of, or at both the front and rear stages of the Raman 

10 amplifier (9) . 

24 . An optical repeater for being inserted into an optical fiber 
transmission line (8) and compensating a loss in the optical fiber 
transmission line (8) by a Raman amplifier (9) , wherein the Raman 
amplifier (9) includes pumping light producing means (1) for 

15 producing a plurality of pumping lights and combines the plurality 
of pumping lights output from the pumping light producing means 
(1) with a signal light propagated through an optical fiber (2) 
and thereby gives a Raman gain to the signal light, the pumping 
light producing means (1) is constructed with a Fabry-Perot type, 

20 a DFB type, or a DBR type semiconductor laser or with a MOPA (3) , 
and the pumping lights are set so that center wavelengths thereof 
are different from each other and so that an interval between the 
center wavelengths is 6 nm or more to 35 nm or less, and the optical 
fiber (2) for amplification is made independent of a transmission 

25 fiber for propagating a signal light so as to be insertable into 
the transmission fiber, the optical repeater including a rare- 
earth-doped fiber amplifier (10) at a front stage of, at a rear 
stage of, or at both the front and rear stages of the Raman amplifier 

(9) . 

30 25. The optical repeater as recited in any one of Claims 17 
through 24, wherein a gain of the -rare-earth-doped fiber amplifier 

(10) is maintained constant, and a gain of the repeater is adjusted 
by a gain of the Raman amplifier (9) . 

26. The optical repeater as recited in any one of Claims 17 
35 through 24, wherein a wavelength dependence of a gain of the 
rare-earth-doped fiber amplifier (10) is compensated by using a 
wavelength dependence of a gain of the Raman amplifier (9) . 



42 



27 . An optical repeater for being inserted into an optical fiber 
transmission line (8) and compensating a loss and wavelength 
dispersion in the optical fiber transmission line (8), comprises 
a Raman amplifier (9) using a pumping light that has not yet been 
5 subjected to wavelength coupling, and includes a rare -earth-doped 
fiber amplifier (10) provided at a front stage, or at a rear stage, 
or at both the front and rear stages of the Raman amplifier (9) , 
and a dispersion compensating fiber is used for an optical fiber 
(2) for amplification of the Raman amplifier (9) . 
10 28. The optical repeater as recited in Claim 27, wherein a gain 
of the rare-earth-doped fiber amplifier (10) is maintained constant, 
and a gain of the repeater is adjusted by a gain of the Raman 
amplifier (9) . 

29. A Raman amplification method for propagating two or more 
15 pumping lights whose center wavelengths are different from each 
other and signal lights through an optical fiber serving as a 
Raman- amplification medium and for Raman- ampl if ying the signal 
lights, wherein optical power is heightened proportionately with 
a reduction in a center wavelength of pumping light. 

2 0 30. A Raman amplification method for propagating two or more 

pumping lights whose center wavelengths are different from each 
other and signal lights through an optical fiber serving as a 
Raman-amplification medium and for Raman-amplifying the signal 
lights, wherein total optical power of pumping lights of- 
25 wavelengths shorter than an intermediate between a shortest center 
wavelength and a longest center wavelength of two or more pumping 
lights is set to be greater than that of pumping lights of 
wavelengths longer than the intermediate. 

31. A Raman amplification method for propagating three or more 

3 0 pumping lights whose center wavelengths are different from each 

other and signal lights through an optical fiber serving as a 
Raman- amplification medium and for Raman- amp 1 i f y ing the signal 
lights, wherein a number of pumping light sources having center 
wavelengths on the side of wavelengths shorter than the 
3 5 intermediate between a shortest center wavelength and a longest 
center wavelength of three or more pumping lights is larger than 
a number of pumping light sources having center wavelengths on the 
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side of wavelengths longer than the intermediate, and total optical 
power of the pumping lights on the shorter wavelength side is 
greater than that of the pumping lights on the longer wavelength 
side. 
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